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Mt EtnaThis study assessed the use of an H2 fuel cell as an H2-selective sensor for volcano monitoring. The resolution,
repeatability, and cross-sensitivity of the sensor were investigated and evaluated under known laboratory
conditions. A tailor-made device was developed and used for continuously monitoring H2 and CO2 at Mt Etna
throughout 2009 and 2010. The temporal variations of both parameters were strongly correlated with the
evolution of the volcanic activity during the monitoring period. In particular, the CO2 ﬂux exhibited long-term
variations, while H2 exhibited pulses immediately before the explosive activity that occurred at Mt Etna during
2010.
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Geochemical monitoring of soil gases has been widely used as a
powerful tool for geothermal exploration (Badalamenti et al., 1984,
1988; Bertami et al., 1990; Finlayson, 1992; Chiodini et al., 1998),
exploiting oil and gas reserves (Gregory and Durrance, 1985;
McCarthy and Reimer, 1986), and other applications such as earth-
quake prediction (Irwin and Barnes, 1980; King, 1980; Wakita
et al., 1980; Sugisaki et al., 1983; Oskarsson, 1984; Satake et al.,
1984; Sato et al., 1984; Wakita, 1996; Salazar et al., 2002; Kameda
et al., 2003; Giammanco et al., 2006) and volcano surveillance
(Sato and McGee, 1982; Badalamenti et al., 1991; Baubron et al.,
1991; Barberi and Carapezza, 1994; Valenza, 1994; Giammanco
et al., 1995a, 1995b; Giammanco et al., 1996; Granieri et al., 2009;
Federico et al., 2011; Camarda et al., 2012). Gases of deep origin
can escape toward the earth’s surface along preferential pathways
such as fractures and crustal faults. Most gases are emitted in volcanic
areas via geysers, thermal springs, crater plumes, and fumarolic
emissions. Nonetheless, huge amounts of deep-seated gases enter
the atmosphere as diffuse emissions from the soil surface (Valenza,
1993; Giammanco et al., 1995a,b; Aiuppa et al., 2004; Giammanco
et al., 2007; Camarda et al., 2012). Geochemical investigations of
diffuse degassing and fumarolic emissions have been used for decades
for volcano surveillance, especially at quiescent volcanoes during their
transition toward eruptive conditions (Badalamenti et al., 1994; Barberi.R. Di Martino).
ghts reserved.and Carapezza, 1994; Giammanco et al., 1995a,b; Giammanco et al.,
1996; Aiuppa et al., 2007).
Different components of volcanic gases (e.g., helium, radon, carbon
dioxide, and molecular hydrogen) have been investigated, and their
relationships with the reservoirs have been used to identify sensitive
tracers of speciﬁc geochemical processes. The monitoring of both CO2
ﬂux and H2 concentration in active volcanic areas helps to improve
the understanding of the processes linking the surface gas emissions,
the chemistry of the gases released from magmas, and the volcanic
activity.
Among the routine techniques, CO2 ﬂux measurement is one of the
most promising tools for monitoring volcanic activity because CO2 is
the main volatile component behind H2O in silicate magmas, attaining
saturation at the mantle to deep crustal level (Kamenetsky et al., 2007).
Therefore, large amounts of CO2 are released early upon magma ascent,
before or during eruptions.
According to Allard et al. (1991), the CO2 released from the upper
ﬂank of Mt Etna during a high level of volcanic activity equals the
amount released from the central conduits. Moreover, the variations
of the CO2 ﬂux from fumaroles of the summit areas preceded the
increases of volcanic activity (Giammanco et al., 1998).
The H2 concentration has provided indications concerning the
oxygen fugacity (fO2) of magmatic gases. The oxygen fugacity of the
magmatic gases is low (Heald et al., 1963; Sato and Moore, 1973;
Gerlach, 1983; Benhamou et al., 1988) but its value changes over a
wide range (10−16–10−8 bar) and affects the redox state of the multiva-
lent elements (Fudali, 1965; Sato, 1978; Carmichael and Ghiorso, 1986;
Moretti and Papale, 2004). If the time required by gases to arrive at the
Earth surface is shorter than that required by homogeneous reactions to
equilibrate the gas composition, the oxygen fugacity of the volcanic
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magma reservoir (Candela, 1986; Giggenbach, 1987). Therefore, the oxy-
gen fugacity of magmatic gases has a key role in order to understand the
volcanic activity. However, the direct measurements of fO2 have
disadvantages owing to the low partial pressure of free O2 in magmatic
gases and for the error arising from the atmospheric contamination of
the volcanic gases near the Earth surface. The magmatic fH2 is related to
fO2 by the water dissociation reaction at high temperature (Giggenbach,
1987), therefore the continuousmonitoring of H2 concentration provides
indications concerning the changes in oxygen fugacity of the volca-
nic gases and that of the redox equilibriums of the magma (Aiuppa
et al., 2011). Moreover, the average magmatic fH2 is six orders of
magnitude greater than fO2 and less affected by atmospheric contam-
ination because the H2 concentration in the air is low and constant
(0.5 ppm vol).
Transient peaks in the H2 concentration (referred to as “H2 pulses”
here) have been documented before the onset of volcanic eruptions
(Oskarsson, 1984) or immediately before major changes in the eruptive
activity (Giammanco et al., 1998). Several efforts have been made to
improve the techniques and upgrade the system for monitoring the
volcanic activity.
In this paper we report the use of a hydrogen fuel cell as an H2-
speciﬁc sensor. The fuel cell (Rew Power© fuel cell - model 023)
was used in an automated device to measure and record the H2
concentration in fumarole gases. The device was also equipped
with an IR spectrophotometer in order to simultaneously measure
the soil CO2 ﬂux emitted in the same area. The device was installed
on the ground near a low-temperature fumarole at Mt Etna (Belvedere
(BLV)) (Fig. 1), and the results of the H2 concentration and CO2 ﬂux
monitoring during 2009 and 2010 are presented herein. The acquired
data were also investigated relative to the eruptive activity of Mt Etna
during the same period.00
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Fig. 1. Map of the summit area of Mt Etna volcano indicating the site of measurement
(BLV) and the summit craters (SEC, South East Crater; BN, Bocca Nuova; VOR, Voragine).2. Materials and methods
2.1. Fuel cell system
Hydrogen fuel cells are electrochemical devices used to produce
electric current using hydrogen gas (Zhdanov, 2007). The basic struc-
ture of a hydrogen fuel cell comprises two electrodes separated by a
hydrated Naﬁon® membrane and connected in series with an electric
circuit containing a resistor (Mehta and Cooper, 2003). The working
process consists of two matched platinum (Pt)-catalyzed redox half-
reactions taking place at the cell electrodes: the H2 oxidation reaction
occurs at the anode,while themolecular oxygen (O2) reduction reaction
takes place on the cathode side of the cell. The Pt catalyst enhances the
hydrogen oxidation rate on the anode electrode according to the follow-
ing half-cell reaction:
H2→2H
þþ2e‐: ð1Þ
The hydrated Naﬁon®membrane, acting as solid electrolyte, allows
the protons to pass toward the cathode. Protons are linked to the H2O
molecules and move as H3O+ ions through the solid electrolyte mem-
brane. The electrons ﬂow through the resistance in the external circuit.
On the cathode side of the cell, Pt catalyzes the O2 reduction
according to
1
2
O2þ2Hþþ2e‐→2H2O: ð2Þ
Therefore, the overall redox process occurring within the hydrogen
fuel cell is the inverse water electrolysis reaction:
H2þO2→H2O: ð3Þ
The electric current ﬂowing through the external circuit is propor-
tional to the amount of H2 that has been oxidized at the anode, and so
its measurement reveals the H2 concentration within the gas entering
the fuel cell. In order to use the hydrogen fuel cell as an H2 sensor, the
anode is the sensing electrode and the cathode is the reference elec-
trode. The electric current ﬂowing through the external circuit repre-
sents the signal to be measured, and this is achieved by measuring the
voltage drop across the known load resistance.
2.2. The H2 sensor
Fig. 2 shows the main hydraulic and electronic components used
in the laboratory to test the operation of the fuel cell (Rew Power©
fuel cell - model 023) as an H2-speciﬁc sensor. Standard H2 mixtures
enter the anode of the cell at a known constantﬂux rate. The air entering
the cathode passes through a water-ﬁlled bubbler, which keeps the
moisture levels of both the electrode and membrane fairly constant,
thereby optimizing the water management of the sensor.
Fig. 3a shows an example result of the fuel-cell characterization
tests, which illustrates that the voltage rapidly increased (transient
state) to a maximum value (steady state) a few seconds after the gas
entered the sensor. The stationary signal value was proportional to the
H2 concentration within the mixture.
Several tests were performed in order to determine the repeatability
of themeasurements, and the resolution, accuracy, and response timeof
the H2 sensor. Preliminary tests indicated that a 500-ohm resistor pro-
vided a sensor signal with the optimal resolution, response time, and
linearity.
Fig. 3b summarizes six repeated tests performed with an H2
(100 ppm vol)–air mixture. The sensor was ﬂushed with air for several
minutes between subsequent tests in order to set the measurement
baseline corresponding to the absence of H2. In these tests the largest
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Fig. 2. Laboratory equipment used to test the operation of the Rew Power© fuel cell as H2-speciﬁc sensor.
43R.M.R. Di Martino et al. / Chemical Geology 357 (2013) 41–51deviation was 1 mV from an average reading of 16 mV, suggesting that
the reproducibility error was around 3%.
Fig. 3c shows the times required to reach 90%of theﬁnal signal (T90)
as a function of the H2 concentration. The ﬁgure shows that T90 was
slightly dependent from the H2 concentration, but it was lower than
300 s for the range of H2 concentration tested. A linear relationship0 40 80 120 160
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Fig. 3. Characterization of the fuel cell. (a) Electric output of the fuel cell. The maximum stead
(b) Six subsequent repetitions of the signal measurement tests. (c) T90 vs H2 concentration. (dwas obtained between the sensor signal and the H2 concentration
over the full range of concentrations investigated, with a sensitivity of
0.2 mV (ppm vol)−1 of H2 (Fig. 3d).
In order to investigate the cross-sensitivity effects produced by the
changes in the environmental conditions, the signal-concentration tests
were repeated for the atmospheric pressure differing by a maximum on0 2000 4000 6000
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y-state value deﬁnes the signal of the sensor that is proportional to the H2 concentration.
) Sensor signal vs H2 concentration.
Table 2
Set of cross-sensitivity tests performed for different ﬂux rates of the gas at the cell anode.
H2 Concentration
(ppm vol)
Signal — ﬂux 0.25 l min−1
(mV)
Signal — ﬂux 0.5 l min−1
(mV)
13 4.1 4.1
24 5.0 5.0
34 6.0 6.1
45 7.2 7.3
53 9.0 9.0
64 11.4 11.5
75 11.8 11.8
84 13.0 13.0
92 15.5 15.4
105 17.1 17.2
123 18.8 18.8
44 R.M.R. Di Martino et al. / Chemical Geology 357 (2013) 41–51the order of tenths ofmbar, while the laboratory temperaturewas almost
unchanged (Table 1). The results indicate that themeasured signal values
differed by less than a few hundredths of mV between the ﬁrst two tests,
and by about 10% ﬁve days later. The measurements showed a standard
deviation of about 10 mV, corresponding to the H2 concentration sensor
having an accuracy of ±5 ppm vol.
The tests were repeated for ﬂux rates of the standard gases entering
the anode of the sensor of 0.25–0.5 l min−1, which correspond to the
anticipated operational conditions in ﬁeld applications; this resulted in
no changes in the measured signal values (Table 2).
2.3. Inﬂuences of the H2 dilution matrix
In order to determine the reliability of the H2 concentration
measurements in volcanic areas, several tests were performed by
using CO2 as a dominant gas component, because CO2 is one of
the main components of fumarolic emissions. Fig. 4a compares
the results of tests performed with the H2–CO2 mixtures with
those of the six tests performed with the H2–N2 standard. In each test
the H2 concentration ranged between 0.5 ppm vol (air) and 200 ppm
vol. The data show that the steady-state sensor signal increased by
about 10% for the CO2 matrix. Moreover, the CO2 detector could be
indirectly used to evaluate the CO2 amounts in ﬁeld measurements.
2.4. Inﬂuences of other reducing gas species
The chemical composition of fumarole gases includes CO2 as the
dominant component together with several other species such as
CH4, CO, and H2S that show reducing capacities. Several tests were
performed to verify the cross-sensitivity effects of the reducing
components on H2 detection. Fig. 4b shows the results of the tests
performed by using pure CH4 (CH4 = 99.99 vol.%), a CH4-air mixture
(CH4 = 100 ppm vol), and an H2-air mixture (H2 = 100 ppm vol).
The results suggest that the cross-sensitivity effect produced by the
CH4 amounted to 1 mV and was independent of its concentration. The
absence of cross-sensitivity with CH4 was probably due to the slow
kinetics of its oxidation reaction at low temperatures.
Fig. 4c shows the results of the tests performed with mixtures con-
taining both H2 and CO reducing species, with the CO/H2 concentration
ratio set to 1 and to 0.02. The results show that CO induced a 20% error in
the H2 measurements when it is present in the same concentration as
H2. By contrast, when the CO/H2 ratio is 0.02, very small differences
were observed between the signal obtained with and without the pres-
ence of CO in the gasmixture. Therefore, based on the results of our tests
and assuming a linear behavior of the cross sensitivity of CO,we suggest
that 0.25 is the CO/H2 ratio affecting the H2 measurements in the order
of 5%.
Sulfur gases are among themajor components of volcanic emissions.
The cross-sensitivity effect of H2S has been evaluated because it is the
main sulfur species emitted from low-temperature fumaroles. Fig. 4d
shows the results of theﬁve tests performedwith theH2S concentrationTable 1
Set of cross-sensitivity tests performed for different atmospheric pressure conditions.
H2 Concentration
(ppm vol)
Signal ﬁrst test
(mV)
Signal 1-day after
(mV)
Signal 5-days after
(mV)
13 4.1 4.0 4.4
24 5.0 5.4 6.1
34 6.7 6.5 7.1
45 7.6 7.5 10.0
53 9.5 9.2 10.2
64 11.2 11.4 13.0
75 11.7 11.8 13.5
84 13.0 13.0 16.1
92 15.5 15.5 16.6
105 17.1 17.2 17.6up to 50 ppm vol, and that of H2 ranging from 0.5 ppm vol (air only) to
110 ppm vol. The sensitivity of the sensor to H2S (0.8 mV (ppmvol)−1)
was 4 times higher than its sensitivity to H2 (0.2 mV (ppm vol)−1), as
predicted by the oxidation reaction of one mole of H2S:
H2Sþ 4H2O→SO2‐4 þ8e‐þ10Hþ: ð4Þ
The Eq. (4) involves eight electrons, which is 4 times the number
of electrons involved in the oxidation of one mole of H2. In ﬁeld
applications, the large cross-sensitivity produced by H2S on H2 mea-
surements will be removed by sampling the gases through an H2S
chemical trap between the probe and the sensor (e.g., a lead acetate
trap, Pb(CH3COO)2).
Both the validity of the samplingmethod and the performance of the
H2 sensor were ﬁrst tested at Solfatara di Pozzuoli (Phlegraean Fields,
Italy). The gases were collected by inserting a probe into the soil up to
a depth of 50 cm. The H2S concentration of the samples collected with-
out an H2S trap ranged between 1600 and 2000 ppm vol, while the H2S
concentrations measured for the samples collected with an H2S trap
ranged between 4 and 6 ppm vol, thereby providing strong evidence
of the good performance of the H2S trap. The H2 concentrations mea-
suredwith the fuel cell sensor (Table 3)were on the same order ofmag-
nitude as the concentrations measured by chromatographic techniques
for different gas samples collected from the same sampling sites
(Table 4). This agreement demonstrates the good performance of the
H2 sensor, and provides further evidence that the fuel cell can act as
an H2-speciﬁc sensor.
2.5. The H2–CO2 device and measurement method
The H2–CO2 system integrates the hydrogen fuel cell sensor (Rew
Power© fuel cell - model 023) and the IR spectrophotometer that
provide measurements of the H2 concentration and CO2 ﬂux, respec-
tively. The IR spectrophotometer can measure the CO2 concentration
over the range 0–100 vol%. The CO2 sensitivity was of 1000 ppm vol,
while the accuracy was ±2% of the full range. The CO2 ﬂux was mea-
sured according to the dynamic concentration method (Gurrieri and
Valenza, 1988; Camarda et al., 2006), which consists of measuring the
CO2 concentration in amixture of air and soil gas that has been sampled
with a specially designed probe inserted into the soil at a depth of
50 cm (Camarda et al., 2006).
The H2 concentration was measured using the fuel cell described
above. During each measurement, the fumarole gas was sampled at a
constant rate of 0.5 l min−1 for 7 min through a tailor-made probe
inserted into the soil at a depth of 50 cm (Fig. 5). The lower part of
the probe has some openings through which the gas can be drained
and sampled. Each measurement cycle consists of four consecutive
readings of the H2 concentration. The ﬁrst reading of the H2 sensor
occurs 60 s after pump activation, while the next three readings at
90 s interval from each other in order to reproduce the response curve
(Fig. 3a) and, therefore, to check the goodness of the measurements.
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were arranged in agreement with the response curve ensuring the
proper working of the sensor.
In order to prevent the cross-sensitivity and the detrimental effects
produced by H2S on the Pt-electrodes, a lead acetate trap was placed
between the probe and the H2 sensor. More technical aspects of the H2–
CO2 device used in the ﬁeld were reported and described in the
Appendix A.2.6. Measurement site
The above-described tailor-made device for continuouslymonitoring
the H2 concentration and CO2 ﬂux was installed on Mt Etna. This is a
3300 mhigh stratovolcano coveringmore than 1200 km2 on the eastern
side of Sicily (Italy). Very intense CO2 emissions take place from the sum-
mit craters and along the active structures (D'Alessandro et al., 1997;
Giammanco et al., 1997; Aiuppa et al., 2004; Giammanco et al., 2010)
of the Etna's ﬂanks (Allard et al., 1991; Gerlach, 1991). The automated
device was installed at BLV (Fig. 1) on the southeastern ﬂank of the vol-
cano, about 2 km away from the southeast crater (SEC) at an altitude of
about 2700 m a.s.l. This site is characterized by a low-temperature fuma-
role ﬁeld (T b 100 °C) that formed after the 1991–1993 eruption, where
the eruptiveﬁssure crossed the edge of the Valle del Bove (Pecoraino and
Giammanco, 2005).Table 3
H2 concentration measured at Solfatara di Pozzuoli.
Site Concentration (H2-Sensor)
P1-a 27
P1-b 48
P1-c 38
P2-a 328
P2-b 317TheH2–CO2 continuousmonitoring started on July 22nd, 2009 some
days after the end of the 2008–09 eruption (which ended on July 6th)
and lasted until November 1st, 2010. There are some gaps in the data
acquired during winter due to abundant snow preventing the mainte-
nance of the experimental H2–CO2 system.
A few gas samples were occasionally collected during the monitoring
period. The samples were collected as “dry gas” in glass sample holder
and analyzed by a chromatographic technique, using a gas chromato-
graph Claurus 500 from Perkin Elmer equipped with column Packed
60/80 Carboxen 1000, 4.5 m, hot wire and ﬂame ionization detectors.
Argon was the gas carrier. Furthermore we measured in situ the soil
temperature at 30 cm depth by using a K-type thermocouple (mea-
surement accuracy ±0.5 °C) and the H2S concentration by using a
H2S speciﬁc sensor (City Technology Limited mod. EZT3H CiTiceL®
range 0–100 ppm vol.).
As shown in Table 5 the sampled gases are composed essentially of
O2, N2 and CO2 with a few ppm vol of He and H2. They are obviously a
mixing between air and the fumarolic gas coming out from the fractures
that feed the BLV fumarolic ﬁeld. The soil temperature valuesmeasured
at a 30 cm depth at the measurement site were always lower than
80 °C. The H2S concentrations were lower than the detection limit of
the H2S speciﬁc sensor (0.2 ppm vol.), with the exception of the May
2010 survey, when 2 ppm vol of H2S were measured. However, the
lead acetate trap was placed anyway between the sampling probe and
the H2 sensor of the automated device (Fig. 5).Table 4
Chemical compositions of the gas samples collected at Solfatara di Pozzuoli.
Sample He ppm H2 ppm O2% N2% CO ppm CH4 ppm CO2%
P1 8 27 3.50 18.01 1.3 50 78.02
P2-1 9 308 3.48 13.96 1.9 86 82.65
P2-2 8 273 5.53 21.98 3 79 72.74
P2-3 8 273 4.26 17.23 1.1 66 78.70
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Fig. 5. Sketch of the device used for continuous measuring H2 concentration and soil CO2 ﬂux on Mt Etna.
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was to investigate the changes of both the H2 concentration and the
CO2 ﬂux in order to provide insights into the shallow degassing dynam-
ics of the volcanic system.3. Results
The red line in Fig. 6 shows the H2 concentration measured at
BLV since July 2009 to November 2010. These values show very
wide variation from about 2 ppm to 150 ppm vol during the mon-
itoring period. We used a normal probability plot (PP) to identify
anomalous values of H2 concentration (Sinclair, 1974). This type
of plot expresses on a probability scale the cumulative frequencies
of the measured H2 concentrations. Data that are normally distributed
will appear in such a plot as a straight line. Therefore, the presence of
multiple straight lines, with different slopes indicates the presence of
various populations of data with normal distributions. The probability
plot showed in Fig. 7a indicates threemain populations of H2 concentra-
tion that deﬁned about 99% of all of themeasurement data set above the
detection limit of the sensor (~5 ppm vol): (i) about 1% of the complete
data set was the population of the highest values (anomalous popula-
tion) having H2 concentrations above 36 ppm vol, (ii) about 78% ofTable 5
Chemical composition of the soil gas sampled at BLV. Analytical data are expressed as ppm
vol (He, H2, CH4, H2S) and % vol (CO2, N2, O2). The last column reports the values of soil
temperature measured at 30 cm depth.
Date He H2 O2 N2 CH4 CO2 H2S T °C (30 cm depth)
07-22-2009 6.5 16 15.39 72.39 9 10.43 b.d.l. 76.1
07-22-2009 7 12 15.38 72.62 9 11.47 b.d.l. 76.6
09-10-2009 4.4 30 16.11 72.19 12 11.89 b.d.l. 75.4
09-10-2009 5 26 15.83 71.67 12 11.82 b.d.l. 75.3
09-10-2009 7 30 15.86 71.73 12 11.90 b.d.l. 75.8
10-27-2009 6 15 16.18 72.32 8 10.77 b.d.l. 79.2
10-27-2009 8 14 15.82 72.94 8 10.63 b.d.l. 79.4
05-25-2010 6 20 15.48 70.94 8 13.42 2 78.7
05-25-2010 7 22 15.39 70.79 9 13.57 2 79.2
07-14-2010 7 18 15.32 71.15 8 13.22 b.d.l. 83.3
07-14-2010 5 15 15.48 71.22 8 13.03 b.d.l. 83.2
09-01-2010 8 18 15.25 69.89 6 14.63 b.d.l. 78.3
09-01-2010 8 17 15.16 70.01 6 14.79 b.d.l. 78.8
09-22-2010 8 15 15.67 71.82 9 11.43 b.d.l. 76.3
09-22-2010 7 12 15.64 71.86 9 11.61 b.d.l. 75.9the measurements represented the background population with the
average value of 15 ppm vol, and (iii) about 21% of the measurements
had intermediate values between the anomalous and background
populations. According to this distribution, the anomalous H2 emission
mainly occurred during the second half of August 2010 (Fig. 6). As for
the H2 concentrations, the soil CO2 ﬂux (black line in Fig. 6) shows
wide variation during the monitoring period, ranging from 800 up to
about 1700 g m−2 day−1. Also for the CO2 ﬂux, the probability plot
(Fig. 7b) shows the presence of three main ﬂux populations: (i) about
the 55% of the data set was the background population with an average
value of 725 g m−2 day−1, (ii) about 35% of themeasurements was the
anomalous population with ﬂux values higher than 800 g m−2 day−1,
and (iii) the 10% of the measurements exhibited intermediate ﬂux
values. According to this distribution, there were anomalous levels of
CO2 degassing during 2009, after the end of the 2008–2009 eruption
(Fig. 6). On the other hand, noticeable variations were observed during
2010. The increasing trend from the end of May 2010 shifted the CO2
ﬂux from background to anomalous values. This anomaly persisted
from August to September 2010, after which the CO2 ﬂux came back
to the background values.
Fig. 8 shows a correlation diagram of the H2 concentration and
CO2 ﬂux data measured at BLV during 2009 and 2010. The dashed
line indicates the threshold value of the anomalous H2 concentrations
deﬁned in the probability plot (Fig. 7). The trend line has a lowcorrelation
coefﬁcient, suggesting that the two signals were independent. There-
fore, a continuous monitoring of the H2 concentration and CO2 ﬂux in
fumaroles can provide distinct and complementary details on the
evolution of the magmatic activity at Mt Etna.4. Discussion
Since July to October 2009, the H2 concentration and the CO2
ﬂux showed ﬂat trends (Fig. 6). The average CO2 ﬂux value of
1200 g m−2 day−1 indicates the post-eruptive 2008–2009 level
of the fumarolic CO2 ﬂux at BLV. This trend has persisted since the
end of the 2008–2009 eruption (which ended on July 6th, 2009)
until October 2009, without a sign of a decrease. During the same
period, the H2 concentration exhibited daily variations around the
average background. The typical pattern of these daily variations
(Fig. 9) indicates that the lowest and highest H2 concentrations
were measured during the morning and night, respectively. Sato
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Fig. 6.Data time series of theH2 concentration (red line) andCO2ﬂux (black line). Box highlights theH2 pulses recordedduringAugust 2010. Explosions that occurred at theBNcrater from
25 August 2010 are also indicated (vertical black line). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.).
47R.M.R. Di Martino et al. / Chemical Geology 357 (2013) 41–51and McGee (1982) described similar daily variations at Mount St.
Helens, which were attributed to the reversal of orographic wind
direction leading to variations of the plume-derived H2 content of
the air being used as a gas reference for the detection device. In
detail, during the morning reinforced anabatic wind allows wet
sea breeze to reach the Etna's summit areas decreasing the H2 content
of air inlet (in these conditions, BLV is upwind to the crater plumes).
From late afternoon, the sea breeze effect is strongly reduced (Favalli
et al., 2004; Zhu et al., 2008) and increases the H2 content of the air
inlet, increasing the signal sensor (BLV results downwind to the crater
plume). However, the daily average H2 concentration at Mt Etna
(Fig. 10), by removing daily cyclic variations, showed a positive trend
persisting since the end of July to September 2009, indicating an
increase in the reducing capacity of the fumarole gases. The higher
reducing capacity of the gas and the persisting level post eruption
2008–2009 of CO2 ﬂux at BLV may indicate a hotter and gas-richmagma source that fed the fumarolic emissions. Also theCO2ﬂux record
shows daily variations with smaller amplitude than H2 concentrations,
since the IR spectrophotometer used in the devices has a very low sen-
sibility (1000 ppm vol). The daily variations of the CO2 concentration
are due to diurnal variations of atmospheric temperature and pressure
(Granieri et al., 2003; Carapezza et al., 2011).
The monitoring of H2 concentration and CO2 ﬂux was interrupted
during the winter of 2009 just some days before the formation of a new
vent on the east slope of SEC with continuous degassing and some
episodes of weak ash emissions. The monitoring station was reactivated
in spring 2010. Since June 2010 the CO2 ﬂux exhibited an increasing
trend, reaching the relative maximum of 1000 g m−2 day−1 at the
beginning of September 2010. The CO2 ﬂux values of the same order of
magnitude of the post-eruptive 2008–2009 level may indicate a
gas-rich source feeding the fumarolic emissions at BLV. In June and
July 2010 the H2 concentration has exhibited background values of
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48 R.M.R. Di Martino et al. / Chemical Geology 357 (2013) 41–51a few ppm vol. Since July 31st, 2010 the daily average H2 concentra-
tion exhibited an increasing trend (Fig. 10), indicating a higher re-
ducing capacity of the fumarole gases. During the same period
other different geochemical data from INGV monitoring services
exhibited signiﬁcant variations that conﬁrm the critical state of the
volcano before August 25th. The soil radon measured in the summit
area of Mt Etna showed signiﬁcant variations just before and during
the activity started on August 25th (INGV-CT; monitoring report
available at http://www.pa.ingv.it). Also the CO/SO2 ratio measured
in the crater plume shows a strong decrease since the ﬁrst of July 2010
and it reaches its minimum just some days before the BN explosive400 800 1200 1600 2000
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Fig. 8. Correlation diagram of H2 concentration vs CO2 ﬂux. Dashed line indicates the
threshold value of the anomalous H2 concentrations.activity of August 25th (INGV-PA; monitoring bulletin available at
http://www.pa.ingv.it). According to Aiuppa et al. (2007), this indicates
the magma migration toward shallower depths.
Furthermore, the raw data of H2 concentration exhibited a singular
behavior starting from August 13th, 2010 (box in Fig. 6): they increase
from background to anomalous values with amplitudes one order of
magnitude larger than the daily cycles observed throughout the moni-
toring period. No such variations were observed in the CO2 ﬂux data.
This rules out the possibility that the H2 pulses could be due to an elec-
tric disturbance in the acquisition system. Moreover, as discussed
above, the proper functioning of the device is proved by the repetitions
of H2 measurements that arranged as shown in the Fig. 3a.
Anomalous H2 pulses can be explained as the result of an enhanced
H2 loss from the gas-richermagmaproduced through thewater dissoci-
ation reactions (Giammanco et al., 1998; Nuccio and Valenza, 1998).
Since the H2 diffuses a million times faster than does O2 in silicate
melts (Carmichael et al., 1974), the H2 loss triggers the temporary in-
crease in oxygen fugacity of themagma. Nevertheless, several heteroge-
neous equilibria buffer the oxygen fugacity in the reservoir and the
redox equilibrium of the magma is rapidly restored. As suggested by
Aiuppa et al. (2011), theH2 produced by themagma through thismech-
anism migrate in gas bubbles, and then move quickly at shallower
depths. Therefore, we infer that a departure from and restoration of
the redox equilibrium in the magma reservoir could account for the
shape of the H2 pulses observed at Mt Etna in August 2010.
Another possible explanation for the observed H2 pulses is that a
large amount of H2 can be produced through steam formation and
water dissociation at high temperature by the intersection of the
magma ﬂuids with the local aquifers (Giammanco et al., 1998;
Pecoraino and Giammanco, 2005).Sep-09 Nov-09 Jul-10 Sep-10 Nov-10
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Fig. 10. Time series of the daily average H2 concentration (24 hours average)measured at
BLV from July 2009 to November 2010.
Values of the power consumption of each component of the H2–CO2 device.
Component Power consumption (mA/12 V)
Pump 50 at 0.5 L/min
Electrovalve 70
IR 420
Data logger (quiescent mode) b5
Data logger (operating mode) 70
Modem (idle mode) 40
Modem (transmit mode) 210
Table A. 1
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alternative processes, both of which are possible.
In August 2010 Mt Etna showed increasing signs of unrest, with
deep-sealed explosions without the emission of new eruptive products
becoming increasingly frequent. The explosive activity that occurred on
25 August at Bocca Nuova (BN) produced a dark-gray ash column that
rose 1–2 km aboveMt Etna's summit. This ash had a lithic nature, com-
prised of 30–40% of juvenile material. Further explosions, internal
collapses, and ash emissions occurred from the BN crater throughout
the following days. The temporal relationship between the occurrence
of the H2 pulses and the onset of the explosions from the BN crater
can suggest that the high-frequency variations in the H2 concentration
recorded at BLV could be magma-derived H2 pulses. Besides the H2
pulses, the daily average H2 concentration increased from late July to
September 2010 (Fig. 10). These data as well as the higher CO2 ﬂux
(about 1000 g m−2 day−1) could suggest a more reduced and gas-
richer magma batch that fed the fumarolic emissions from BLV before
Mt Etna's explosive activity in August 2010. Moreover, this inference is
consistent with the emission of juvenile materials during the explosions.
The last eruptive activity at the BN crater occurred during July 2006.
Therefore, the explosions of August 2010, can be deﬁned as the greatest
volcanic activity recorded during the period of our observations, and it
may represent a key event in the framework of the subsequent activity
of Mt Etna. The SEC is far away from the BN crater, but geochemical and
geophysical investigations (Marchetti et al., 2009; Aiuppa et al., 2010)
have revealed a geometrical relationship between the central
craters (BN and Voragine) and the SEC, deﬁning a secondary branch of
Mt Etna’s shallow conduit system. In this framework, the central craters
represent the preferential pathway for normal passive degassing, while
an increase in the rate of gas ormagma supply above some threshold ac-
tivates degassing from the SEC (Marchetti et al., 2009). Moreover,
Aiuppa et al. (2010) reported the upward and eastward migration of
the source of the seismic tremor prior to the onset of the explosive
activity at the SEC during 2007 and 2008. These observations provided
evidence of magma migration from the shallow storage zone toward
the SEC before the onset of paroxysmal activity.
5. Conclusions
A device for measuring the H2 concentration and CO2 ﬂux has been
designed, tested in the laboratory, and used for continuous monitoring
at Mt Etna volcano. The results of using a fuel cell (Rew Power© fuel
cell - model 023) as an H2 sensor indicated that the detector has a sen-
sitivity of 0.2 mV (ppm vol)−1 for H2, a resolution of ~10 ppm vol, an
accuracy of ±5 ppm vol, and response time shorter than 300 s.
In order to investigate the cross-sensitivity effects on the H2
concentration measurements, several tests were performed with the
main volatile components of volcanic and geothermal emissions (CO2,
CH4, CO, and H2S). The results indicated that H2S produces the largest
cross-sensitivity effect, with a fourfold higher sensitivity per equivalent
concentration of H2. However, the preliminary ﬁeld test of theH2 sensor
indicated that the use of an H2S chemical trap (i.e., Pb(CH3COO)2) was
able to prevent the H2S cross-sensitivity effect interfering with the H2
concentration measurement. The cross-sensitivity effects produced by
other volatile components (CO2, CH4, and CO) were lower than 6% of
the absolute H2 concentration.
The data obtained from the continuous monitoring of fumarolic
emissions at Mt Etna has revealed a systematic relationship between
H2 concentration and CO2 ﬂux. The CO2 ﬂux has often been character-
ized by long-term variations, while the H2 concentration exhibited
daily variations and pulses. Daily variations within a few ppm vol
were interpreted as the result of the reversal of the orographic wind
direction, while H2 pulses having amplitudes larger than one order of
magnitude of the daily variations were interpreted as the result of en-
hanced hydrogen loss from the magma or produced by the interaction
of magma ﬂuids with groundwaters.Finally, this study gives important data and technical information
to help in identifying the short-term tracers of the magma dynamics
immediately before an eruptive event.Acknowledgements
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Fig. 5 shows a schematic representation of theH2–CO2 system. All its
electronic and pneumatic components are hosted within a water-proof
case of 58 × 44 × 22 cm(Explorer Cases),weighting about 5 kg. A solar
panel and a lead battery (12 V, 100 Ah) provide the power supply re-
quired for operating all the electric components. Two separate pneu-
matic systems were used for measuring H2 concentration and CO2
ﬂux. In both the cases, the gas was sampled through a probe inserted
into the soil at 50 cm depth and successively it passed through a
water trap developed to eliminate the water vapor. In both cases, the
gas was sucked by using a membrane pump and the intake ﬂow was
controlled and ﬁxed by a ﬂuxmeter. A PTFE ﬁlter (Acro® 50, Pall Corpo-
ration) placed before the pumpwas used in both pneumatic systems in
order to ﬁlter the dust and thus preserving the pumps and measure-
ment sensors. Furthermore, in the case of the H2 measurement, the
gas passed through a lead acetate trap for eliminatingH2S, before enter-
ing the PTFE ﬁlter. This is a glass tube 10 cm long and 1 cm in diameter,
ﬁlled with Pb(CH3COO)2 powder. Therefore, the gas is injected at a con-
stant ﬂux of 0.5 L/min into the anode (sensing electrode) of the fuel cell
for 7 min. At the same time a gas-bubbler allows saturating with water
vapor the air entering the cathode (reference electrode) of the cell, en-
suring a constant level of hydration of the Naﬁon® membrane. All the
measurement operations were driven by a special data logger devel-
oped by INGV-Pa, equipped with an on-board programmable real-
time clock. Data were hourly acquired and stored in the data logger
(130 kB of onboard memory) and daily transmitted via modem-GSM
to the database of the INGV-Pa. At the end of each measurement cycle,
an electrovalve connected to the bottom of the water trap is switched
on in order to remove the condensed water. Furthermore in order to
evaluate the environmental effects on the measurement of both the
CO2ﬂux and theH2 concentration, the stationwas equippedwith a tem-
perature and pressure transducer.
The software used for programming, collecting and storing into the
database the acquired data was developed by INGV-Pa (Acquisition
2.0), while data were ﬁltered using the Signal Processing Toolbox of
theMATLAB® software package. The power consumption of the system
is of about 150 mA. The values of the power consumption of each
singular component measured in the laboratory are reported in
Table A.1.
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